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Experiments are described in which bare (completely desolvated) ions are separated from their
source gas and mixed with a bath gas of any desired temperature and precisely controlled
composition. The resulting mixture of ions and bath gas is transported by free jet expansion
into a vacuum system for mass analysis to reveal the extent to which the ions have formed
adducts with other species in the bath gas. Because the ions are separated from their source gas
or vapor before they are mixed with the bath gas, the compositions of the bath gas and source
gas are completely independent. Thus, one can examine solvation or adduction by any desired
species contained in the bath gas without any interference from other species that might be
present in the source gas. Reported here are results obtained on the solvation of electrospray
ions of a small peptide, leucine-enkephalin, by water and several alkanols. One provocative
finding is that a substantial fraction of ions thought to be singly charged monomers turned out
to be doubly charged dimers. (J Am Soc Mass Spectrom 1998, 9, 1241–1247) © 1998
American Society for Mass Spectrometry
In electrospray ionization mass spectrometry(ESIMS), as in all systems for mass analysis of ionsproduced at pressures above a few torr, the vehicle
that transports the ions from their source to the mass
analyzer is a supersonic free jet of carrier gas expanding
into a vacuum system from the source. Such jets were
originally introduced in the 1950s as improved means
for producing molecular beams. They promised to
provide intensities and translational energies much
higher than could be obtained from the effusive “oven”
sources with which Otto Stern and his disciples had
established molecular beam methods as powerful tools
for research in atomic and molecular physics [1–6].
In their development as preferred sources for pro-
ducing molecular beams, these supersonic free jets
expanding into vacuum from small orifices were found
to have other remarkable capabilities. The extremely
rapid decrease in both density and temperature of the
expanding gas enabled them to produce both homoge-
neous and heterogeneous molecular clusters of almost
any size from almost any substance or mixture of
substances that could be vaporized. The result was an
explosive growth of research on the formation and
properties of small homo- and heteromolecular aggre-
gates that have been characterized as “a new form of
matter” in a state of transition between gaseous and
condensed phases [7–9]. Heterogeneous clusters con-
taining only a few molecules, sometimes known as “van
der Waals molecules,” can comprise very unlikely part-
ners, e.g., potassium and helium or argon. It was also
found that free jet expansion of a relatively noncon-
densable carrier gas could cool entrained polyatomic
molecules to very low internal temperatures. The result-
ing decrease in rotational band-spread made possible,
often for the first time, the complete resolution of
vibrational lines in the spectra of those entrained mol-
ecules [10].
These abilities of free jets, (1) to produce a bewilder-
ing variety of new clusters and uncommon “com-
pounds” and (2) to provide extreme cooling of internal
degrees of freedom in polyatomic molecules, were
aided and abetted by the advent of spectroscopy with
tunable lasers. The result has been an unprecedented
expansion in the scope of “photon spectrometry” that
has made free jets the darlings of spectroscopists the
world over. Indeed, the free jets used to produce
clusters and to enhance spectroscopy studies, far out-
number those used in the molecular beam experiments
for which they were first developed. Even so, the now
by far most numerous users of free jet expansions are
mass spectrometrists engaged in a relatively new facet
of their art that has begun to flourish only in the last
decade. We refer to the mass analysis of ions produced
in gas at relatively “high” pressures, e.g., around one
atmosphere, in particular by electrospray ionization
(ESI). There are several thousand ESIMS systems al-
ready in use with many more in prospect as they
increasingly become the “detectors” of choice for liquid
chromatography and electrophoresis. In all of these
ESIMS instruments the ions are transported from their
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birthplace at high pressure to the scene of their mass
analysis by way of a supersonic free jet of carrier gas
expanding into vacuum. It therefore behooves the
growing body of those who use such instruments to be
aware of both the pitfalls and opportunities that the free
jet environment provides. In this report we consider
some aspects of the propensity of free jet expansion to
promote clustering or aggregation of ions with mole-
cules of water as well as some aliphatic alcohols.
In most analytical applications of ESIMS one wants
an analyte ion to be completely free of solvent mole-
cules or other adducts so that mass analysis will pro-
vide an accurate value for its intrinsic molecular weight
(Mr). Because the ES ionization process consists in
electrostatically dispersing a dilute solution of analyte
as a fine spray of charged droplets into a carrier gas,
each ion in that gas is accompanied by many solvent
molecules. Ions are generally very effective condensa-
tion nuclei during free jet expansion of a gas with
condensable components. Consequently, all ESIMS sys-
tems incorporate means for providing clean (adduct
free) ions based on one or more of three methods: (1)
eliminating all solvent molecules from the mixture of
ions and carrier gas before it undergoes free jet expan-
sion into vacuum, e.g., by using an electric field to drive
the ions through a countercurrent flow of clean, dry,
and warm bath gas on their way to the aperture that
admits them into the vacuum system; (2) making the
temperature of the ion-gas mixture high enough to
prevent condensation during expansion cooling, e.g., by
passing the mixture of carrier gas and ions through a
heated metal tube into the free jet expansion beginning
at its exit end; (3) removing solvent molecules from the
ions after they have left the high pressure region, e.g.,
by applying an electric field along the free jet axis,
thereby heating the ions by accelerating them into
energetic collisions with neutral carrier gas molecules.
Actually, the original aim of the subject study was
not to prevent or eliminate solvation in ES ions but to
bring it about deliberately under carefully controlled
conditions in the hope of finding a dependence of
solvation patterns on the conformation of polyatomic
ions. This idea had its roots in (1) the development of
so-called “high pressure mass spectrometry” by Ke-
barle and his colleagues [11], (2) the seminal discovery
by the Chait group that the charge states for ES ions of
proteins and peptides depend on the conformation of
the parent molecules in the electrosprayed solution [12],
and (3) the elegant experiments of McLafferty and
co-workers showing that for ES ions of peptides and
proteins the rate and extent of H–D exchange in the gas
phase had a strong dependence on the conformation of
their parent molecules in the electrosprayed solution
[13]. Taken together these results suggested that further
perspectives on the conformation of large multiply
charged ions might be gained by studies of their solva-
tion behavior. The underlying idea was to equilibrate
ES ions with bath gas at a well defined temperature and
partial pressure of solvent vapor. Mass analysis of the
ions over a range of solvent–vapor partial pressures, a
la Kebarle, would define a solvation isotherm. A set of
such isotherms at several temperatures should provide
information about the number of solvation sites on each
ion as well as the enthalpies with which solvent mole-
cules are bound to those sites.
This strategy is equivalent to the measurement of
adsorption isotherms on solid surfaces. Such isotherms
have been a rich source of information and insight on
the nature and number of surface sites at which gas
molecules adsorb. They also provide the enthalpies of
adsorption for various species on those sites. We
thought that analogous studies with ES ions of large
molecules would give rise to similar information on
solvation sites on their “surfaces,” thus providing in-
sight on their conformation. An attractive feature of
these ion surfaces is the additional degree of freedom
afforded by the variation in charge states that ES ions
exhibit. Data on the dependence of solvation character-
istics on the ion’s charge state might even allow one to
extrapolate to zero net charge and thus to obtain a
perspective on the parent molecule in its “natural” state
in bulk solution. As it turned out our reach had far
exceeded our grasp. Our interest was in characterizing
the solvation states of protein and peptide ions in
equilibrium with water vapor at fugacities correspond-
ing to those associated with living systems, i.e., temper-
atures from say 280 to 340 K and partial pressures
between about 3 and 30 torr. Unfortunately, we were
never able to achieve transfer of ions from a bath gas, in
which they were at equilibrium with water vapor under
these conditions, into vacuum for mass analysis, with-
out substantial changes in their solvation state. Conse-
quently, we gave up on the idea of determining equi-
librium hydration states of biomolecules under
“lifelike” conditions. Instead we pursued what we
called “kinetic probing” of their hydration-solvation
behavior based on the idea that equilibrium hydration
occurs when the rates of hydration and dehydration are
equal. Therefore, any dependence of equilibrium hydra-
tion states on conformation must derive from an effect
of conformation on the rates of hydration and/or dehy-
dration, probably both. Thus, measurements under well
defined conditions of the relative rates of hydration for
ions differing only in conformation, might be expected
to provide insight on the dependence of solvation on
conformation similar to that which could be obtained
from examination of equilibrium solvation states. If the
dependence is significant then observations on solva-
tion behavior might become a useful measure of con-
formation. This report explains how we came to give up
on equilibrium sampling, describes the apparatus and
procedure by which we obtain relative ion solvation
rates under well defined conditions, and presents some
results obtained with that apparatus. The results fall far
short of what we ultimately hope to obtain but they do
provide some unexpected and valuable insights that
seem worth reporting at this still early stage of our
studies.
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Experimental Procedures
Equipment and Materials
All mass analyses were carried out with a triple quad-
rupole instrument (Delsi-Nermag 30-10) fitted with an
electrospray source (Analytica of Branford, Branford,
CT). Sample solutions were infused at from 0.5 to 2.0
mL/min by a syringe pump (Harvard Apparatus Model
11). Solvent (adduct) species were injected into carrier
gas at a desired rate by a syringe pump (kds Model
100). Reagents and solvents were: leucine-enkephalin,
methanol (HPLC), 2-butanol (99%) and isobutanol
(99%), from Sigma Chemical, St. Louis, MO; n-butanol
from MCB, Norwood, OH; anhydrous ethanol from
McCormick Distilling, Pekin, IL; glacial acetic acid and
isopropanol (ACS Reagent grade) from J. T. Baker,
Phillipsburg, NJ; deionized water was from a Nanopure
Deionization System equipped with an organic-free
filter (Barnstead, Dubuque, IA).
Preparation of the Bath Gas
The contemplated experiments required a continuous
flow of “bath gas,” the mixture of inert carrier and
solvent or adduct vapor with which the ions were to be
solvated under well-defined conditions of temperature
and composition, both of which must be independently
variable over a wide range. The classic method of
providing a continuous flow of a carrier gas with a
single solvent or adduct species is to saturate the
required flow of carrier with solvent vapor at a well
controlled temperature. Though simple in principle this
method is awkward in practice because it requires
accurate vapor pressure data for the solvent over a
range of temperatures. It also assumes saturation of the
departing gas with the added species at a specified
temperature, a nontrivial requirement. To produce a
gas containing more than one added species at known
concentration by this method becomes very difficult
indeed, requiring a separate flow line for each species
and a means of mixing the separate flows in appropri-
ate proportions after each one has been saturated with
its particular adduct species.
To avoid these problems we assembled a system that
embodies the simpler and more flexible approach
shown in Figure 1. Carrier gas from a high pressure
source (carbon dioxide in these experiments) throttled
by valve A to a pressure indicated by gauge B, passed
via sonic orifice C through heated vaporizing chamber
D into which adduct or solvating species was injected in
liquid form at a desired rate by syringe pump E. The
mass flow through a sonic orifice for a gas at a partic-
ular temperature is linear in the upstream pressure and
independent of the downstream pressure as long as the
ratio of the former to the latter is greater than a critical
value which is about 2.5 for most simple gases. In all of
our experiments this pressure ratio was at least 4.0 so
that the orifice was always “choked,” i.e., the flow
velocity at the orifice was always sonic. The resulting
“bath gas” (carrier plus adduct vapor) entered chamber
I at a rate such that the pressure in I was slightly above
that in H. From the difference in measured flow rates of
carrier gas through the sonic orifice C into I and bath
gas out through the soaking capillary tube K, we
determined that the flow velocity of bath gas from I
through the 6.3 mm orifice in Partition P was close to 10
cm/s. As will be shown, that velocity was high enough
to prevent contamination of the bath gas by diffusion of
solvent vapor from H into I. All parts of the system
downstream of D were heated so that the temperature
of the bath gas (carrier gas plus solvent vapor) was
always well above its dew point and at least 325 K in
chamber I. An intense field due to a potential difference
of typically 3000 V between injection needle G and
drying chamber H dispersed sample solution into
charged droplets that were driven by the field to the
entrance of chamber H which was an orifice 7 mm in
diameter. Entering chamber H through line F and
emerging from the entrance orifice countercurrent to
the ions and charged droplets was a 1.3 L/min flow of
heated drying gas (carbon dioxide). Partition P was at a
voltage intermediate between chamber H and the met-
allized front face of soaking tube K (in most of our
experiments an 18-cm length of glass capillary tubing
with a metallized front face and a bore of 0.6 mm). Ions
from evaporating droplets were driven through the
entrance of H and the partition orifice to the entrance of
K to be entrained in entering bath gas, emerging as a
supersonic free jet L of ion-bearing gas in the first stage
M of the vacuum system. A core portion of the ion-
bearing jet gas passed through skimmer N into the next
stage of the vacuum system and thence to the mass
analyzer. This system was very effective in mixing
desolvated ES ions with a bath gas of known composi-
tion and temperature, both of which were readily
variable over a wide range. Moreover, the compositions
of bath gas, drying gas, and sample solution could be
varied independently.
Figure 1. Schematic diagram of apparatus for controlled solva-
tion of ions.
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Sampling the Equilibrated Ions
A critically important step in the experiments originally
contemplated is the transfer of equilibrated ions from
soaking tube K to the mass analyzer without changing
their solvation state. Among the most interesting solva-
tion states for proteins and peptides would be those
corresponding to equilibrium with water vapor at the
temperatures of living systems and partial pressures
comprising an appreciable fraction of the equilibrium
vapor pressure of pure water vapor at those tempera-
tures. Thus we wanted to transfer ions in equilibrium
with water vapor at partial pressures up 30 torr or so,
into the vacuum environment of the mass analyzer
without any loss or gain of adsorbed solvent molecules.
Such partial pressures of water vapor are substantially
higher than those with which the Kebarle approach has
apparently been successful, i.e., usually well below 10
torr. Moreover, the peptide and protein ions in which
we are interested have much larger scattering cross
sections than do the ions with which the Kebarle
approach has been most successful. Therefore, to
achieve collisionless flow during the sampling of such
big ions would require smaller orifices and/or lower
bath gas pressures than have been previously used.
Kebarle’s group has recently reported some results with
small peptides in equilibrium with bath gas at total
pressures up to 10 torr but the partial pressures of water
vapor were only a few millitorr [14]. Thus the solvation
levels were very low, three water molecules per ion in
one case, one or two in all the others. The paper
mentions the possibility that further solvation might
occur on the vacuum side of the orifice because “even
though the pressure in the reaction chamber is only 10
torr, jet formation and a temperature decrease are
expected to occur on the vacuum side of the 100 mm
orifice.” Even so the authors “assumed that such cluster
growth does not occur because the time the ions spend
in the high density low temperature region is very
short. . . .”
We are uneasy about that assumption because many
experiments have shown that MT is very well approx-
imated by 1.17 Kn(12g)/g, where MT is the so called
“terminal Mach number” (at which the gas in a free jet
passes from collision-dominated continuum flow to
collisionless free molecule flow so that further cooling
by adiabatic expansion ceases), g is the specific heat
ratio (Cp/Cv) of the gas, and Kn (the orifice Knudsen
number) is the ratio of mean free path in the source gas
to the orifice diameter [15]. For the conditions of [14]
(nitrogen at 10 torr and an orifice diameter of 0.1 mm)
Kn has a value close to 0.05 so that MT is approximately
2.76, corresponding to a gas temperature when the
cooling stops that is only 40% of the source tempera-
ture! That much cooling should bring about an appre-
ciable increase in solvation even though the concentra-
tion of vapor in the carrier gas is very low. Moreover,
Milne et al. showed long ago [16] that in the effusion of
gas from a Knudsen cell source at pressure p0 through
an orifice of diameter d, clustering or aggregation can
occur at values of the parameter p0d (torr cm) as low as
0.1. In the experiments with peptides of [14], p0d was in
fact 0.1, a value at which Milne et al. showed that
clustering could still occur. Indeed, the authors of [14]
noted that ligand addition to the ions after they leave
the source may explain why their values for solvation
free energy changes are somewhat higher than others
have obtained for the same ions by different methods.
These observations gave us doubts about the possibility
obtaining reliable values for equilibrium concentrations
of solvated species in gases at pressures as high as the
10 torr used in [14], especially because our goal had
been to obtain such solvation data at partial pressures of
solvent vapor substantially higher than the total pres-
sure of 10 torr used in [14].
Very much concerned about this problem we carried
out an extensive experimental investigation over a
range of total pressures, partial pressures of solvent
vapor, carrier gases, and orifice sizes. The results
strongly indicated that to extract useful currents of ions
in solvation equilibrium with bath gas at total pressures
above about 10 torr would require orifice diameters
large enough to result in substantial changes in their
solvation states. The details of that study will be set
forth elsewhere. Suffice it to say here that we put aside
attempts to determine the true solvation states of ions in
equilibrium with solvent vapor in a source gas at
pressures of interest to us. Instead, we adopted what
might be called “kinetic probing” of the effect of con-
formation on ion solvation. The idea is simply that at
equilibrium the solvation and desolvation rates of ions
are equal. Thus, if the equilibrium concentrations of
solvated and desolvated molecules depend upon the
conformation of those ions, the rates of solvation and
desolvation must also depend upon the conformation of
the ion. Therefore, we might get some insight on
conformation simply by mixing unsolvated ions with
bath gas containing solvent vapor at a well defined
concentration. The resulting mixture would be passed
by free jet adiabatic expansion into vacuum, also under
well defined conditions. The consequent decrease in
temperature would greatly increase the solvation rate
relative to the desolvation rate, both rates becoming
vanishingly small when the free jet Mach number
reaches its terminal value and all collisionally controlled
processes including solvation and desolvation are fro-
zen. Mass analysis of the resulting ions readily deter-
mines the extent of that “terminal” solvation which is
thus a relative measure of the solvation rate. By sub-
jecting ions of the same species with different confor-
mation to the same solvation process we might hope to
determine how much the conformation of an ion affects
the extent of its terminal solvation and thus, by impli-
cation, its rate.
Because the extents of solvation measured in this
way do not relate to well defined equilibrium states we
give up the Kebarle advantage of being able to invoke
thermodynamic analysis to determine the changes in
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enthalpy, entropy, and free energy associated with the
solvation process. Even so, we should be able to see
what effects if any, ion conformation might have on
solvation rate and, perhaps, to use solvation rate mea-
surements to provide insight on the nature of confor-
mation. In effect, such an experiment is analogous to the
experiments of McLafferty et al. [13] that examine the
effect of conformation on the rate and extent of H–D
exchange without worrying about trying to achieve
equilibrium. These considerations led us to constructing
the apparatus of Figure 1, a noteworthy feature of
which is an ability to perform experiments with ions
that are completely desolvated before the solvation
process begins. Williams and co-workers have recently
reported data on hydration states for ES ions of pep-
tides [17] and have suggested that their measurements
might relate to the nascent solvation state of ESI ions
when they are first formed from the charged droplets.
Unfortunately, they have no way of knowing how
much of the solvation they observe occurred before the
ions entered the vacuum system and how much may
have occurred during the free jet expansion into the
vacuum system. Nguyen et al. have characterized the
hydration states of alkylammonium ions produced by
ESI but they too could not tell where the observed
solvation occurred [18].
By effecting complete desolvation of the ions before
they are exposed to a well defined solvation procedure,
the system of Figure 1 insures that essentially all of the
observed solvation occurs during free jet expansion of a
well characterized mixture of ions, carrier gas, and
adducting species. Moreover, that “well characterized
mixture” can be entirely free of solvent molecules from
the electrosprayed sample solution and therefore free of
any interference by such molecules. By the same token
that mixture can include more than one adducting
species so that possible effects due to competition of one
species with another for the same ion sites can be
studied.
Results and Discussion
In order to test the apparatus and procedure in a simple
case that did not involve conformation we carried out
some preliminary experiments with the peptide
leucine-enkephalin (LeuEnk) having an Mr of 555. The
results showed some surprises and demonstrated that
solvation studies of the type planned can also provide
insight on factors other than conformation.
The spectrum in Figure 2A was obtained with ES
ions from a 500 mM solution of LeuEnk in water and no
adduct vapor in the bath gas. Consequently, as the
spectrum shows, all of the ions were free of solvation.
The peaks at m/z values of 556, 834, and 1111, corre-
spond respectively to monomers with one charge, tri-
mers with two, and dimers with one. As Figure 2B
shows, addition of 0.5% acetic acid to the sample
solution greatly increased the abundance of all solute
ions, most noticeably those of the singly charged mono-
mers with an m/z of 556. These spectra were obtained
with no injection of water into the carrier gas so the bath
gas was anhydrous. The absence of any solvation on the
ions demonstrates the effectiveness of the flow of bath
gas from chamber I to chamber H in preventing con-
tamination of bath gas by diffusion of solvent vapor
from H to I. The spectra in Figure 2C, D were obtained
under the same conditions as those in Figure 2A, B,
respectively, except that the bath gas contained 0.166
mol % water vapor. The sequence of bigger peaks to the
right of the 556 peak is because of monomer ions with
increasing numbers of water molecules attached. The
mass-to-charge ratio values for ions of adjacent large
peaks differ by 18 units showing that the ions of those
peaks are singly charged. Close inspection shows a
small peak midway between each pair of adjacent large
peaks, more apparent in 2D than in 2C. The 9 unit
spacing between the alternating large and small peaks
indicates the presence of ions with two charges. Thus,
some of ions of the 556 peaks in Figure 2A–D must be
doubly charged dimers. Similarly, the spacing of 18
mass-to-charge ratio units between the large peaks in
the band to the right of the 1111 peak confirms that it is
indeed largely due to dimers with one charge. How-
ever, the small peaks just halfway between the large
Figure 2. Mass spectra for desolvated ions obtained by electro-
spraying a 500 mM solution of leucine-enkephalin. In A the solvent
was pure water. In B it was water with 0.5% acetic acid. Panel C
shows a spectrum for the ions of A that were hydrated by being
mixed with bath gas containing 0.166% water before passing into
vacuum by free jet expansion. The inset is a magnification of the
spectral region between m/z values of 830 and 880. The spectrum
in panel D shows the ions of B after the same hydration treatment.
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ones indicate the presence of some doubly charged
tetramers as well. The ions of the peaks in the band to
the right of the 834 peak are a little harder to distinguish
and identify, but as the magnified spectrum in the inset
of Figure 2C shows, the first few taller peaks seem due
in part to a continuation of the band of peaks for
hydrates of the singly charged monomers of the 556
peak that happen to coincide with peaks for trimers
with two charges and odd numbers of adduct water
molecules. The smaller in-between peaks are for doubly
charged trimers with even numbers of water adducts.
Similar experiments with other solvating species
were also carried out in the same apparatus. The spectra
in Figure 3 show solvation obtained, respectively, with
water, methanol, ethanol, and n-propanol at a concen-
tration of 0.05 mol % in the bath gas. Also to be noted is
that the electrosprayed solution comprised 100 mM
LeuEnk in methanol, a combination that provided
sprays that were more stable than did the solutions in
Figure 2A–D. In all cases the ions entering the bath gas
chamber were protonated LeuEnk molecules with no
solvation, but because of the lower solute concentration
and the higher solubility of LeuEnk in methanol the
abundances of dimer and trimer ions were substantially
lower than in the spectra of Figure 2. Similar decreases
in ES ions of solute dimers and higher polymers with
decreasing concentrations of solute were first observed
during the ESIMS of amino acid solutions [19].
Examination of the spectra in Figures 3 and 4 reveal
clearly in each case the spacing in mass-to-charge ratio
for the major peaks that would be expected for stepwise
addition of solvent vapor molecules. The spectra also
show the smaller peaks halfway between the major
peaks indicating the presence of doubly charged
dimers, except when the adduct species was one of the
three butanols. For these larger adducts the doubly
charged dimers have disappeared. The most obvious
explanation for this absence would seem to be that the
enthalpy released by solvation with these larger species
is greater than the enthalpy required to break the
noncovalent bonds that hold the doubly charged
dimers together. More difficult to understand are the
variation in patterns of peak height (ion abundance)
distributions for ions with varying numbers of adduct
molecules as the adduct species is changed. In each case
the primary current of LeuEnk ions entering the bath
gas is the same, as is the molar concentration of alcohol
in the bath gas. However, as the number of carbon
atoms in the alcohols goes from zero in water to four in
the butanols, the fraction of primary ions that becomes
solvated increases, as does the fraction of ions in higher
solvation states. These trends can be qualitatively un-
derstood in terms of an increasing affinity of solvent
molecules for the solute ions as their size, and thus their
polarizability, increases. Not only does a higher polar-
izability increase the induced dipole interaction with
the ion’s charge, it also increases any dispersion binding
force for a solvent molecule incident on an uncharged
portion of an ES ion’s surface. Even small changes in
binding force can have a very large effect on extent of
solvation simply by extending the residence time of a
transiently trapped molecule. The very rapid cooling
that occurs in a free jet expansion can substantially
lower the temperature of a substrate ion during the
residence time to be expected for the temperature when
it arrived. Such cooling might well be sufficient to
convert what would have been transient trapping at the
initial temperature to permanent trapping at the subse-
quent temperature. Also somewhat surprising, perhaps,
is the large increase in the extent of solvation when the
concentration of water vapor in the bath gas is changed
by a factor of only 3 from 0.05 mol % as in Figure 3 to
0.166% as in Figure 2. Here again is an example of
nonlinearity consequent to the nature of free jet expan-
sion. The increase in water causes supersaturation to
occurs at an earlier stage of the free jet expansion where
the gas density and therefore the solvation rate is higher
than at the lower densities of the later stages. Thus, the
integral of the product of solvation time and solvation
rate can be substantially increased by a relatively mod-
est change in solvent vapor concentration.
To those unfamiliar with the dynamics of compress-
ible flow our emphasis on the cooling that occurs
during the free jet expansion may seemed to ignore the
Figure 3. The mass spectra for ions obtained by electrospraying
a 100 mM solution of leucine-enkephalin in methanol and then
solvated by mixing with bath gas containing 0.05% of the indi-
cated species and transfer into vacuum by free jet expansion.
Figure 4. The same as Figure 3 except for the solvating species.
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possibility that some of the observed solvation might
have occurred in soaking tube K as a result of a cooling
due to the viscous pressure drop along that tube. It is
true that such a pressure drop does indeed occur but it
is small relative to the pressure decrease that occurs in
the gas dynamic expansion to sonic velocity, most of
which occurs within a very few tube diameters of the
exit end of the tube. Moreover, the interaction that
causes momentum exchange between the gas and the
wall, i.e., viscous pressure drop, also causes energy
exchange between the wall and the gas, i.e., heat
transfer. In ordinary gases the exchange rates of mo-
mentum and energy are about the same, i.e., the
“Prandtl number” of most gases is near unity. Conse-
quently, any cooling of the gas because of a viscous
pressure drop is compensated by a warming resulting
from heat transfer. In other words, the viscous pressure
drop because of frictional work done by the gas on the
wall represents an energy transfer that warms the wall
and cools the gas. But the resulting temperature differ-
ence causes heat transfer from the warmed wall to the
cooled gas. In sum, the gas and wall always try to reach
the same temperature, especially in these experiments
where the heat capacity of the tube at any instant is
always much greater than that of the gas which it
contains. In these experiments the gas entering the tube
is always above 325 K and the tube is always above
room temperature. Of all the solvents used, n-butanol
has lowest vapor pressure and the highest saturation
temperature. At the concentration of 0.05 mol % in the
experiments of Figure 4, the saturation temperature is
about 264 K. There is no way that gas entering the
soaking tube at 325 K could be cooled to that tempera-
ture until after it enters the free jet expansion.
Conclusions
Molecules of several adduct species have been attached
to initially bare ES ions of the peptide leucine-enkepha-
lin by free jet expansion of a gaseous mixture containing
readily controlled amounts of adduct species and de-
solvated ES ions in an inert carrier gas. Mass analysis of
the resulting ions reveals that a substantial fraction of
what had seemed to be singly charged monomers of the
peptide were in fact doubly charged dimers. The pat-
terns of adduction raise interesting questions about
how it takes place. The method seems capable of
providing independent evidence on both the charge
state of an ion and the extent to which its parent
molecules may have agglomerated or clustered before
or during the ionization process. We plan to pursue
these studies further.
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